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In this letter, we report on the thickness dependence of the remanent polarization of
Pt/PbZr0.52Ti0.48O3 /SrRuO3 capacitors. Two different patterning techniques were used to fabricate
the capacitors. For lift-off processed capacitors, the remanent polarization decreased with decreasing
thickness. Ion-beam-etched capacitors, however, showed a constant remanent polarization for all
PbZr0.52Ti0.48O3 film thicknesses down to 23 nm. Remarkably, this constant remanent polarization
for ion-beam-etched capacitors corresponds to the spontaneous polarization expected for a
stress-free bulk PbZr0.52Ti0.48O3 crystal. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1590431#Size effects on ferroelectric ~FE! properties have been
investigated with a great deal of interest. It is frequently
reported that the remanent polarization of a FE material de-
creases as the film thickness is decreased. In some cases,
extrinsic effects, for example, film composition, surface
roughness, and defects, are likely to be the reason for this
phenomenon. However, given that ferroelectricity is a coop-
erative phenomenon like superconductivity and magnetism,
the size effect is expected to be prominent, even in the ab-
sence of extrinsic factors, due to the presence of a film
surface.1–4 Mechanical and electrical boundary conditions
have to be taken into account to calculate the FE film thick-
ness at which the size effect starts playing a role.5–8 Our
experimental results show that for Pt/PbZr0.52Ti0.48O3
(PZT!/SrRuO3 ~SRO! capacitors deposited on a SrTiO3
~STO! substrate, no size effect is present at a FE film thick-
ness of 23 nm. Therefore, extrinsic effects are likely to be
responsible for the suppressed FE properties shown by other
groups.9 It will be shown in this letter that the surface treat-
ment of the ferroelectric layer is one possible extrinsic effect
leading to a decreased remanent polarization.
We have deposited PZT/SRO thin films on STO ~100!
substrates by high-pressure, on-axis sputtering.10 A stoichio-
metric SRO target was used to grow stoichiometric thin
films, whereas a PZT target with a lead excess of 20% was
necessary to compensate the loss of this volatile component.
Deposition rates of 12 and 45 nm/h were achieved for PZT
and SRO, respectively. The optimized substrate temperature
and oxygen pressure during growth were about 570 °C at
3 mbar for both PZT and SRO thin films. Structural charac-
terization techniques, such as x-ray diffractometry, Ruther-
ford backscattering spectrometry, high-resolution transmis-
sion electron microscopy, and atomic force microscopy, have
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sputtered thin films.11,12
To measure FE hysteresis loops, Pt/PZT/SRO hetero-
structures with PZT thicknesses between 23 and 165 nm
were patterned into capacitors with areas of 25325 to 200
3200 mm2. Two different methods were used to pattern the
capacitors. For the first method, photoresist was spun on top
of the FE thin film and conventional photolithography de-
fined the area of the capacitors. After sputtering Pt, a lift-off
process removed the photoresist together with the Pt in be-
tween the capacitors @Fig. 1~a!#. For the second method, all
three layers, Pt/PZT/SRO, were first deposited on the STO
substrate. Conventional photolithography and an Ar-etching
step, which was timed to stop in the FE layer or at the inter-
face between bottom electrode and FE layer, defined the
shape and the area of the capacitors @Fig. 1~b!#. FE hysteresis
loops were obtained with the FE module of the aixACCT TF
Analyzer 2000.
FE hysteresis loops have been investigated for both pat-
terning techniques and for all thicknesses. The square shape
of the (P – E) curves is softened for thinner films. Imprint is
observed for all the loops, but is more pronounced in lift-off
processed capacitors and for thinner films. Due to this effect,
FIG. 1. ~a! Patterning of capacitors by lift-off process and ~b! patterning of
capacitors by ion-beam etching process.© 2003 American Institute of Physics
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coercive field are calculated from (Pr11uPr2u)/2 and
(Ec11uEc2u)/2, respectively.
Figures 2~a! and 2~b! show the hysteresis curves and the
corresponding voltage dependences of the current response
for lift-off patterned PZT capacitors with film thicknesses of
89, 61, nm and 23 nm measured at 10 kHz. The value for the
remanent polarization decreases from 44 to 27 mC/cm2 as
the film thickness is reduced. The coercive field, however,
increases for thinner films. It increases from 165 kV/cm for
the 89-nm-thick film up to 260 kV/cm for the 23-nm-thick
film.
P – E curves and voltage dependences of the current re-
sponse for ion-beam etched ~IBE! capacitors are shown in
Figs. 3~a! and 3~b!. The PZT film thicknesses of the shown
capacitors are 165 and 23 nm. In this case, no decrease in the
remanent polarization is observed. Both capacitors show a
remanent polarization of 49 mC/cm2. Additional IBE capaci-
tors with PZT film thickness between 165 and 23 nm have
been fabricated and all of them showed similar P – E curves
and Pr values. The coercive field increases for thinner films.
It is as low as 185 kV/cm for the 165-nm-thick film and as
high as 510 kV/cm for the 23-nm-thick film.
The most important result obtained from this work is
that for the studied heterostructure, an intrinsic size effect is
not observable at a FE film thickness of 23 nm. Each of our
IBE capacitors shows the same remanent polarization. We
would like to point out that the obtained remanent polariza-
tion is the theoretically expected spontaneous polarization
for a stress-free bulk PZT crystal of the used composition.13
We conclude that either no intrinsic size effect is present in
the studied thickness range, or that the intrinsic size effect is
FIG. 2. ~a! Hysteresis curves for lift-off processed capacitors and ~b! voltage
dependence of the current response for lift-off processed capacitors.Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject tocompensated by the strain effect. Thin films grown on much
thicker substrates are usually strained. As a result, the rema-
nent polarization may increase with decreasing film thick-
ness. This has been predicted theoretically,4 as well as ob-
served experimentally.14 In fact, our films do show a slight
increase of the out-of-plane lattice parameter from 4.132 to
4.140 Å and a decrease of the in-plane lattice parameter from
4.04 to 4.03 Å as the film thickness is reduced from 165 to
23 nm.
The lift-off processed capacitors do not show at any film
thickness this theoretically expected value for the remanent
polarization. In fact, they show a decreasing Pr as the film
thickness decreases. We have already ruled out intrinsic ef-
fects. In addition, extrinsic effects, such as film composition
or film quality, are not suitable to explain this phenomenon,
as the thin film deposition was identical for both patterning
techniques. However, a strong influence of the interface be-
tween the FE films and the electrodes on the switching ki-
netics seems very likely. The FE film surface is exposed to
solvents, photoresist, and developer for the lift-off process.
This might lead to an increased surface roughness, resulting
in an inhomogeneous field distribution at the PZT-Pt inter-
face. This idea is supported by the reduced coercive field for
lift-off processed capacitors compared to IBE capacitors. We
believe that the number of nucleation centers may be in-
creased for rougher films, as roughness locally enhances the
electric field. As a result, the coercive field is reduced. In
addition, the chemical composition of the PZT near an inter-
face could be different, resulting in the formation of interface
layers adjacent to the electrode with suppressed FE proper-
ties. Whatever occurs to the interface during the lift-off pro-
cess leads to leakage currents for positive voltages at the top
FIG. 3. ~a! Hysteresis curves for IBE capacitors and ~b! voltage dependence
of the current response for IBE capacitors. AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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currents, the measured remanent polarization is either en-
hanced or reduced. It is enhanced if, in addition to the dis-
placement current, the leakage current is also integrated.
However, it might also be reduced if it is impossible to satu-
rate the P – E curves due to high leakage currents.
We believe that the PZT surface treatment during the
lift-off process does result in a reduced remanent polarization
for thicker films. In addition, the widely observed increase of
the coercive field for thinner films and nonsaturation of the
P – E curves due to increased leakage currents at higher volt-
ages are responsible for the decreased remanent polarization
for thinner films.
For IBE capacitors, the leakage currents for positive
voltages at the top electrode are much lower. Therefore,
higher electric fields which are necessary to saturate the
P – E curve of capacitors with thinner PZT films can be ap-
plied.
We conclude that etch degradation and etching residuals
at the edges of the capacitors are less significant than the
contact of the PZT surface with chemical solvents during
lift-off processing. However, this result might be different forDownloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject tosub-micron-area capacitors for which the influence of the
edges is more important.
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